The pool sizes of free L-phenylalanine and L-tyrosine, the precursors of rosmarinic acid in Anchusa officinalis L. cell suspension cultures, fluctuated during the culture cycle. The major increase in pool sizes was preceded by a peak of prephenate aminotransferase activity, while the subsequent decrease coincided with the presence of high activities of phenylalanine ammonia-lyase and tyrosine aminotransferase, the two entrypoint enzymes of the rosmarinic acid biosynthesis pathway. Timecourse feeding studies with linear growth stage cells revealed that the tyrosine pool turned over rapidly, consistent with direct participation in rosmarinic acid synthesis. Since extemally applied L-tyrosine was rapidly incorporated into rosmarinic acid with little evidence of radioactively labeled intermediates, it is suggested that there exists a close coupling between the L-tyrosine pool and the rosmannic acid biosynthetic pathway, which may involve the channelling of intermediates both into and within the pathway.
Suspension cultures of Anchusa officinalis L. were established and maintained as described previously (5) .
Determination of Free Aromatic Amino Acids
In higher plants, L-phenylalanine and L-tyrosine are biosynthetic precursors of a vast array of secondary metabolites, including phenolic acids (14) , flavonoids (15) , lignin (13) , coumarins (3) , alkaloids (12) , glucosinolates (18) and cyanogenic glycosides (4) . Although intracellular pools of both phenylpropanoid amino acids have been detected in a number of plants (2, 23) and cell cultures (16, 19, 20) , little is known about the number and size of these pools, or their integration with the biosynthesis of secondary metabolites.
During a 3 to 4 d period within the culture cycle ofAnchusa officinalis cell cultures, large quantities of L-phenylalanine and L-tyrosine are directed toward the synthesis ofthe caffeoyl ester rosmarinic acid (a-O-caffeoyl-3,4-dihydroxyphenyllactic acid, RA)3 (5, 8) . The maximum rate ofamino acid utilization for RA synthesis ranges from 2 to 10 ;tmol/g fresh weight/d depending on the type and concentration of hormonal (6) and nutritional (7) factors in the culture medium. This period ofactive RA synthesis is initiated after respiratory metabolism has begun to decline sharply (5) and thus represents a sub- Anchusa cells (5 g fresh weight) of different culture ages were harvested by vacuum filtration on Miracloth discs (Calbiochem, La Jolla, CA), rinsed with distilled water, and extracted with 50 mL boiling 70% (v/v) ethanol containing 2.5 ,umol y-aminobutyric acid as internal standard. After filtration, the RA content of the ethanolic extract was determined spectrophotometrically (e = 19,000 at 333 nm). The solution was then concentrated in vacuo, and the residue dissolved in 10 mL 7% (v/v) formic acid. This was loaded onto a cation exchange column (1.0 x 10 cm, Sephadex SP-C-25, Pharmacia) and the column was rinsed with 50 mL 4% (v/v) formic acid (5 mL/min). The amino acids were eluted with 20 mL 0.2 M NH40H (3 mL/min). After concentration of the basic eluate, the residue was dissolved in 5 mL 40 mm lithium carbonate-HC1 (pH 9.5) and 0.4 mL was taken for derivatization with dansyl chloride (22) . Dansyl amino acids were separated by HPLC on a C18-column (Alltech Econosphere, 
Preparation of Enzyme Extracts and Enzyme Assays
Anchusa cells (1 g fresh weight) harvested and washed as above were frozen immediately in liquid N2 and ground to a fine powder in a cold mortar. The frozen powder was stirred with 0.1 g anion exchange resin (AG-1-X-8) and 0.45 mL 50 mM Tris-HCl (pH 7.5) containing 150 mm sucrose, 1 mM EDTA, and 5 mm 2-mercaptoethanol. After thawing, the slurry was stirred on ice for 5 min and centrifuged at 6000g (2 min). The resulting supernatant (~1 mL) was desalted on a Biogel P6-DG column (1 x 8 cm) and assayed for PAL and TAT activities. Before determination of PAT activity, the desalted crude extracts were held at 70°C for 15 min and cooled. PAL (1 1), TAT (9) , and PAT (10) were assayed as described previously, using radioactively labeled substrates.
In Vivo Feeding Experiments
Feeding experiments were conducted at 25°C using 10 mL of a 7-d-old A. officinalis cell suspension (1 g fresh weight) in 50 mL screw-top jars shaken at 130 rpm. After 2, 5, 10, 30, or 60 min incubation in the presence of 0.1 IAmol L-[U'4C] tyrosine (3.5 x 106 dpm) or 0.1 ,umol L-[2,6-3H]phenylalanine (1.27 x 107 dpm), the cells were rapidly harvested and rinsed (suction filtration) and extracted in hot 70% ethanol (50 mL). Radioactivity in the culture incubation filtrate and in the ethanol-soluble extract was measured and the RA content of the extract was also determined. The extracts were then concentrated to an aqueous residue (1 mL) and aliquots were chromatographed by TLC (cellulose, 10% acetic acid). The distribution of radioactivity on the TLC plate was measured by scanning with a windowless gas-flow detector (Thin Layer Scanner RTLS-IA, Panax Equipment Ltd.). Figure 2 shows the levels offree L-phenylalanine, L-tyrosine, and L-tryptophan throughout a 16-d culture cycle ofAnchusa officinalis. There was a steep rise in L-phenylalanine and Ltyrosine content during the exponential growth phase followed by a drop during the linear phase. The levels of free Ltryptophan, on the other hand, progressively increased during the same period until the cells entered the stationary growth phase (d 1 1) . The highest levels of free L-phenylalanine, Ltyrosine, and L-tryptophan obtained during the culture cycle was 0.10, 0.20, and 0.14 ,smol/g fresh weight, respectively. The activities of enzymes involved in synthesizing and utilizing L-phenylalanine and L-tyrosine were monitored over the same culture cycle. PAT converts prephenate to L-arogenate, a precursor of both L-phenylalanine (17) and L-tyrosine (1, 21) , while PAL and TAT function as entrypoint enzymes of the RA biosynthetic pathway (8) . As shown in Figure 3A , PAT showed its highest activity during the exponential growth phase, whereas both PAL and TAT activities reached a synchronous maximum in the middle of the linear growth phase. The peak L-phenylalanine and L-tyrosine levels thus occurred between the activity peaks of PAT and the RA entrypoint enzymes. Finally, rosmarinic acid accumulation increased sharply during the period that PAL and TAT were highly active (d 6-9) (Fig. 3B) .
RESULTS
The dynamic behavior of the L-phenylalanine and L-tyrosine pools during the active period of RA synthesis was Approximately 90 and 80% of the radioactively labeled Ltyrosine and L-phenylalanine, respectively, were absorbed within 30 min, and in each case >90% of the radioactivity absorbed by the cells was recovered in the ethanol extracts. This implies that little, if any, of the exogenously supplied amino acid was being incorporated into protein during the labeling period. When the crude extracts from different incubation periods were fractionated by TLC, only two radioactive zones were observed (the results from the '4C-tyrosine feedings are shown in Fig. 4) . The radioactive zones with RF values of 0.70 and 0.48 corresponded to the positions of Ltyrosine and RA, respectively, as determined by cochromatography with the authentic compounds. The identity of both radioactive products was further checked by fractionation of the extracts on phenylboronate and cation exchange column systems followed by TLC of all radioactive fractions. This analysis confirmed that at least 90% of the radioactivity in each zone was associated with labeled L-tyrosine or RA. An approximate value for the specific activity of newly synthesized RA could therefore be obtained by assuming that the radioactivity associated with the RA zone had been incorporated into a fraction of newly synthesized RA. The size of the latter fraction could be calculated from the known rate of accumulation of RA on d 7. As shown in Table I , the specific activity calculated for newly synthesized RA at various times after L-tyrosine pulse labeling was relatively constant, with an average value of 1.47 x IO' dpm/,umol.
To calculate the specific activities of the cellular L-tyrosine pool during the feeding experiments it was assumed that: (a) the size of the L-tyrosine pool at d 7 was 0.2 jAmol/g fresh weight (Fig. 2) , and (b) the amount of endogenously synthesized L-tyrosine passing through the pool during the feeding b Calculated from the peak areas of RA in Figure 5 . c The amount of extemal tyrosine absorbed by the cells.
d The size of tyrosine pool at d 7 (Fig. 2) . e Presumed equivalent to the amount of RA synthesized since time 0. ' Total amount of tyrosine involved in the dilution of 14C-tyrosine.
period was equivalent to the amount of RA synthesized in that period. On this basis, the specific activity of the cellular free tyrosine could be calculated as shown in Table I . The tyrosine specific activity at various time intervals after initial uptake was relatively constant, with an average value of 1.86 x 106 dpm/,umol.
DISCUSSION
The pool sizes of free shikimate-derived amino acids in Anchusa officinalis cell cultures fluctuated markedly during the culture cycle (Fig. 2) , but the phenylpropanoid amino acid pools behaved very differently from that of tryptophan. After an initial drop, which corresponds to the growth lag accompanying transfer of the cells to fresh medium, the tryptophan pool increased steadily, paralleling cell growth throughout the cycle. Phenylalanine, however, began to accumulate immediately upon subculture, reaching a peak at d 6 to 7. Tyrosine content initially followed the same pattern as tryptophan, but rose more rapidly and also reached a peak at d 7 to 8. The pools sizes of both phenylpropanoid amino acids then declined during d 8 to 10, a time which corresponds to the latter part of the rosmarinic acid accumulation period (Fig. 3B ).
This correspondence suggested that RA synthesis could be drawing directly on the accumulated phenylpropanoid amino acid pools. If this were the case, the activity profiles for enzymes involved in formation ofphenylalanine and tyrosine, and in their metabolism to RA, might be expected to follow an appropriate pattern. Examination of the activity profiles for a number of relevant enzymes during the same culture cycle confirmed that PAT, whose action is needed for synthesis of tyrosine (1, 21) and possibly phenylalanine (17) , was maximally active on d 4, 5, and 6 (Fig. 3A) . PAL and TAT, on the other hand, the enzymes responsible for initiating the conversion of the phenylpropanoid amino acids to RA, both reached a peak of activity on d 8 to 9.
These patterns are fully consistent with a direct connection between the free amino acid pools and the RA synthesis process, but do not provide a quantitative measure of the contribution of the contents of the pools to RA biosynthesis at any given time. This was examined by tracking the label from a pulse of exogenously supplied amino acid. These experiments showed that label from precursor supplied in this fashion reached rosmarinic acid very rapidly (<2 min) (Fig.  4) and that little label appeared in any other metabolites. Comparison ofthe specific activity ofthe free pool oftyrosine (Table I) with that of newly synthesized RA at various times during the feeding showed that virtually no dilution of label had occurred. These results indicate that (a) the exogenously supplied label equilibrated very rapidly with the endogenous pool, (b) equilibration with pools of other intermediates in the pathway either did not occur, or that such pools are very small, and (c) the pool of free tyrosine accumulated within the cells was not static, but turned over very rapidly.
If the free aromatic amino acid pools in cultured Anchusa cells are held in the central vacuole as has been observed in some other species (2, 16, 23) , there must be close connections between the shikimic acid pathway, the central vacuole and the RA pathway. The latter pathway also appears likely to be physically organized in such a manner as to minimize release of intermediate products. These organizational patterns will be the subject of further investigation.
